Objective: We examined the short-term and long-term associations of serum albumin with mortality and cardiovascular disease among HIV-infected veterans.
Introduction
In HIV-infected individuals, researchers have identified a constellation of diseases appearing much earlier in life than expected, including atherosclerotic cardiovascular disease (CVD) and heart failure [1, 2] . Albumin is a negative acute phase response protein and marker of inflammation [3] . Lower levels of serum albumin have been associated with higher rates of atherosclerotic CVD, heart failure, and mortality in elderly noninfected persons [4, 5] . Because HIV is characterized by systemic inflammation, serum albumin might have prognostic value within the HIVinfected population. Although a few studies have evaluated associations of serum albumin with mortality in the HIVinfected population [6] [7] [8] [9] , none, to our knowledge, has examined atherosclerotic CVD or heart failure. In this study, we investigated the hypothesis that low levels of serum albumin would independently predict increased risk of mortality, atherosclerotic CVD, and heart failure in a national registry of HIV-infected individuals. Moreover, we hypothesized that serum albumin would have greater value for predicting near-term adverse outcomes relative to long-term adverse outcomes.
Methods

Data sources
In this retrospective cohort analysis, we studied HIV-infected veterans in the Department of Veterans Affairs HIV Clinical Case Registry (CCR), a national database consisting of demographic, clinical, laboratory, pharmaceutical, and vital status data compiled from the Veterans Affairs electronic medical record [10] . In order to supplement demographic and clinical data, we linked the CRR data to the Veterans Affairs National Patient Care Database, the Veterans Affairs Beneficiary Identification and Records Locator Subsystem (BIRLS) Death File, and Medicare claims data.
Study participants
We included all HIV-infected patients in the Veterans Health Administration who had measurements of outpatient serum albumin, serum creatinine, and a urine dipstick between 1986 and 2007. Participants were entered into the cohort at the time of their first outpatient serum albumin measure following initial documentation of HIV infection. A total of 25 522 participants were included in our analysis.
Outcomes
The three primary outcomes were as follows: time from study entry to death; to incident atherosclerotic CVD; and to hospitalization for heart failure (Supplemental description in the appendix, http://links.lww. com/QAD/A310). Individuals were analyzed from the time of their first outpatient serum albumin measure until they were censored either by an outcome event or by the end of follow-up -31 January 2007.
Primary predictor
Our primary predictor was baseline serum albumin, defined as an average of the first and second measurements after the initial diagnosis of HIV. We categorized serum albumin as follows: 4.0, 3.5-3.9, 3.0-3.4, 2.5-2.9, and less than 2.5 g/dl. For the outcomes of atherosclerotic CVD and heart failure, we combined the two lowest categories as less than 3.0 g/dl, due to small numbers of events occurring in the less than 2.5 g/dl category.
Covariates
The analysis accounted for demographic characteristics, including age, race, and sex. HIV-related prognostic indicators included CD4 cell count and viral load. Glomerular filtration rate (GFR) was estimated using the Modification of Diet in Renal Disease (MDRD) equation. Urine dipstick results were used to quantify proteinuria. Comorbidities included BMI in kg/m 2 , hypertension, diabetes, dyslipidemia, hepatitis C (HCV), hepatitis B (HBV), liver disease, and smoking. Antiretroviral therapy (ART) exposure, either any or none, was an additional covariate.
Statistical analyses
For longitudinal analyses, we constructed three models. First, baseline models utilized the index value of albumin and all other covariates. We also conducted a sensitivity analysis, restricting the baseline analysis to exclude those with either kidney or liver dysfunction. Second, we conducted time-updated analyses, which updated albumin and other covariates each time they were measured, and carried the last measurement forward until the participant was censored. In these analyses, we adjusted for the recentness and frequency of albumin measurements as separate indicator variables. Third, for the mortality outcome only, we repeated the baseline model with stratification on the follow-up interval: year 1, year 2, and year 3.
We used multivariable Cox proportional hazards models to estimate the association of serum albumin levels with time to event. Tests for the proportional hazards assumption were based on the Schoenfeld residuals. We also repeated these analyses separately for the periods before and after 1996, when HAARTwas widely implemented in Veterans Affairs care. In order to discriminate between incident atherosclerotic CVD and heart failure, we conducted a sensitivity analysis using the competing-risks regression according to the method of Fine and Gray (1999). Inclusion of covariates in the multivariable-adjusted Cox model was based on significant univariate associations (P < 0.05) between each candidate covariate and the outcome. We determined serum albumin's risk discrimination by the C-statistic, and compared its prognostic strength with other clinical risk factors. Analyses were conducted using Stata software version 11.0 (Stata Corp., College Station, Texas, USA).
Results
Individuals with lower baseline albumin levels were older on average and more likely to be black. Those with lower levels of albumin also had lower CD4 cell counts, higher viral load, lower estimated GFR, lower BMI, a lower prevalence of dyslipidemia, a higher prevalence of proteinuria, HCV, HBV, and liver disease, and less exposure to ART. The overall median number of albumin measures was 8 (IQR 3-18), including 10 (4-22) measures among survivors, and six (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) among those who died during follow-up. There were 10 689 deaths, 1083 atherosclerotic cardiovascular events, and 435 cases of heart failure. There were 347 cerebrovascular events, 652 myocardial infarctions, and 174 documented cases of peripheral vascular disease.
After multivariable adjustment for covariates measured at baseline ( Table 1 Baseline), the lowest category of baseline albumin was associated with a three-fold risk of mortality (<2.5 vs. >4 g/dl), no risk of composite CVD events (hazard ratio ¼ 0.99), and a 1.5-fold risk of congestive heart failure. In contrast, in the time-dependent model ( Table 1; When sensitivity analyses were conducted for the baseline model, excluding individuals with either liver or kidney dysfunction, the hazard ratio remained similar for comparisons of less than 2.5 vs. more than 4 g/dl (hazard ratio 2.6, 2.0-3.5). Furthermore, in the timedependent model of mortality, the hazard ratio for the less than 2.5 g/dl category was 15.5 (13.8-17.5) .
We stratified the baseline mortality model by year of follow-up (Fig. 1) . The baseline albumin appeared strongly associated with deaths that occurred within 1 year (hazard ratio ¼ 9.29 for <2.5 vs. >4 g/dl), but showed substantially weaker associations subsequently. For risk discrimination of 1-year mortality, serum albumin alone had a C-statistic of 0.74. The clinical model without albumin had a C-statistic of 0.83 (P < 0.0001), which improved to 0.86 with the addition of albumin to the model.
Discussion
We found albumin to be a remarkably strong, independent predictor of 1-year mortality, atherosclerotic CVD, and heart failure. The associations of serum albumin with mortality weakened substantially after the first year of measurement. Time-dependent models of albumin demonstrated that the lowest levels of serum albumin were associated with a 15-fold risk for mortality, a threefold risk for atherosclerotic cardiovascular events, and a 12-fold risk for heart failure. These findings were consistent in both the pre and post-HAART eras. For 1-year mortality, serum albumin was the single strongest predictor, having an individual C-statistic of 0.72, and significantly increasing the overall multivariate model from 0.83 to 0.86.
Previous smaller studies of serum albumin in HIVinfected populations have reported similar findings [9, [11] [12] [13] . Feldman et al. [6, 7] from the Women's Interagency HIV Study (WIHS) reported a relative hazard of 3.1 for baseline measurements of less than 3.5 g/dl compared to concentrations greater than 4.2 g/dl, and a relative hazard of 13 for the same categories in a time-updated model. However, none of these reports spanned the pre and post-HAART eras; and none, to our knowledge, have examined serum albumin's association with atherosclerotic cardiovascular events and heart failure.
The underlying mechanisms remain unclear. To our knowledge, there is no direct physiologic link between serum albumin and the adverse outcomes explored herein. Causes of decreased serum albumin levels are multifactorial, and include poor nutrition (decreased synthesis), liver disease (decreased production), renal disease (wasting of serum albumin in the urine), and chronic inflammation (decreased production or increased destruction). Albumin remained a strong predictor of mortality after adjusting for multiple factors. Moreover, we found in a sensitivity analysis that, when individuals with liver and kidney dysfunction were excluded, the association remained nearly identical for baseline and time-updated models. This suggests that a more transient process such as inflammation is responsible for the lower levels of albumin. HIV infection is associated with higher levels of IL-6 and high-sensitivity C-reactive protein, which also predict mortality [14, 15] , but neither was available in this clinical registry. It seems likely that serum albumin captures a dynamic process of inflammation in HIV infection that has clinical importance in the short-term.
Researchers have identified a number of 'non-HIV' markers for inclusion in a prognostic survival index in HIV infection [16] . These indices have been shown to improve discrimination of mortality within the HIVinfected population. Serum albumin could potentially add to such an index, particularly as a possible 'early warning' for short-term morbidity and mortality.
Our study has the following strengths. We had a large sample for our analyses, spanning a 20-year period. There were multiple measures of serum albumin for each participant, allowing time-dependent analyses and extensive covariate evaluation. Ours is also the first study, to our knowledge, to use serum albumin as a prognostic marker for atherosclerotic CVD and heart failure in HIV-infected individuals, both from baseline and in a time-updated model.
Our study also had several important limitations. First, we cannot fully account for the potential confounding effects of serum albumin measurement on our findings, as this testing may be informative about prognosis independent of the albumin concentration itself. We attempted to account for this by adjusting for the frequency and recentness of albumin measures; in fact, we found that the median number of albumin measures was greater among survivors than nonsurvivors. Second, we cannot determine the mechanisms for the association between albumin and adverse outcomes; although we hypothesize that inflammation is a likely pathway, inflammation markers are not part of routine clinical care. Third, we found a lower prevalence of smoking than has been reported in other HIV-infected populations; this raises the possibility that rates of smoking were underreported in our cohort. Fourth, given the dependency on diagnostic codes, we cannot be certain that we capture all cardiovascular events; however, we do not have reason to suspect that the albumin associations would be biased by the event capture. Fifth, our results may not be generalizable to populations poorly represented in our analysis.
Conclusion
In summary, we found that lower levels of serum albumin predict mortality, atherosclerotic cardiovascular events, and heart failure, particularly within 1 year. These findings suggest the possibility that serum albumin reflects a state of inflammation in HIV-infected individuals similar to the elderly population. Serum albumin measurements could potentially improve the prediction of short-term adverse outcomes in HIV-infected individuals.
